• Taurine is able to positively influence on memory and behaviour of diabetic animals.
Introduction
According to the International Diabetes Federation, approximately 382 million people worldwide have diabetes mellitus (DM), and it is believed that by the year 2035, this number will increase to 592 million cases [1] .
Chronic hyperglycaemia may cause various effects on the body and central nervous system (CNS). Several chronic effects on the brain have been described, such as decreased synaptic plasticity [2, 3] , neurotoxicity, neuroinflamation, decreased cell proliferation, increased neuronal apoptosis [4] [5] [6] , astrocyte damage, excitotoxicity, changes in glutamatergic neurotransmission [3, 7] and mainly cognitive, memory and learning deficits [2, 3, [8] [9] [10] .
The effects of environmental enrichment (EE) in animal studies have been observed to simulate the influence of physical exercises, sensory stimulation and learning, with positive effects on skills, memory and cognitive deficits [11] [12] [13] . Studies have shown that the EE is able to influence hippocampal neurogenesis, also increase dendritic extensions and the number of astrocytes [11] [12] [13] [14] .
Other studies have shown the positive effects of taurine on rats [15] [16] [17] . Taurine, considered as a semi-essential amino acid, it has several important functions, especially on the mammalian CNS acting in various processes such as osmoregulation, neuromodulation, membrane stabilization and cell proliferation [15, 18] . In metabolic stress conditions, such as DM, taurine has neuroprotective and antioxidants effects [19] [20] [21] . It interferes with the apoptosis pathways [16, 22, 23] , helps in cell proliferation, neurogenesis, improves cognitive deficits [17] and neutralises excitotoxicity [24] .
Faced with so many beneficial effects, this study seeks to unite in a single experiment the effects of taurine and exposure to an EE on rats with in a hyperglycaemic state, to obtain more results on this subject, to test the hypothesis that the EE and taurine may have positive synergistic effects.
Material and methods

Animals
Eighty-eight male adult Wistar rats weighing 300 g on average, from the local breeding colony (Universidade Federal de Ciências da Saúde de Porto Alegre, Brazil-UFCSPA) were used. All procedures were approved by the Ethics Committee of Universidade Federal de Ciências da Saúde de Porto Alegre -UFCSPA (Protocol 134/13). The animals were manipulated according to international and national laws for the ethical care and manipulation of laboratory animals (European Communities Council Directive of 22 September, 2010, 2010/63/EU and Lei 11.794/08).
Experimental groups
The animals were divided into 2 main groups, according to the environment: group C were housed in standard housing and group E, were housed in cages with EE.
Each group (C and E) was divided into four subgroups, according to the induction of diabetes and the treatment, totalling eight subgroups: diabetic animals treated with taurine in group C (DTC, n = 12); diabetic animals untreated with taurine in group C (DSC, n = 12); non-diabetic (ND) animals treated with taurine in group C (NDTC, n = 10); non-diabetic animals untreated with taurine in group C (NDSC, n = 10); diabetic animals treated with taurine in group E (DTE n = 12); diabetic animals untreated with taurine in group E (DSE, n = 12); non-diabetic animals treated with taurine in group E (NDTE, n = 10); non-diabetic animals untreated with taurine in group E (NDSE, n = 10) (Fig. 1). 
Environmental conditions
Forty-four animals were housed in cages with EE (group E), divided proportionally between 6 cages (56 × 56 × 56 cm) in order to promote social interaction. Each cage had three floors connected by ramps, promoting physical exercise and movement. Various elements of different shapes and textures were placed, including: balls, stairs, cubes, tunnels, wool pompoms, chopped paper, sand paper, swings, burrows, rattles and wheels exercises, which were available to the animals during the 30 days of the experiment. They were always 5 different objects in each cage and once a week, some of them were replaced by different ones, with the intention to stimulate sensory, motor and cognitive functions. The remaining forty-four animals were housed in standard housing (group C) (Plexiglas ® cages, 41 × 34 × 16 cm), with two animals per cage in order to minimise the social interaction and without any kind of EE.
All animals in C and E groups, until the beginning of the experiment, went through a period of adaptation to new environments, for about 10 days. They were kept under ideal conditions of temperature (22 ± 2 • C) and humidity (55%), with a light:dark cycle of 12 h. All animals had free access to food and water. 
Induction and confirmation of diabetes
After the habituation and handling period (10 days), 24 animals from each group were induced with diabetes. After 16 h of fasting, animals received intraperitoneal (i.p.) injection of 50 mg/kg of streptozotocin (Sigma ® ), dissolved in citrate buffer (pH 4.5). Non-diabetic control animals were injected only with citrate buffer (1 mL/kg i.p.). The hyperglycaemia was confirmed 48 h after administration. All animals who received streptozotocin showed blood glucose above 200 mg/dL were considered diabetics. During the 30 days of the experiment, glucose levels were measured once a week, until the day before euthanasia to confirming that diabetic animals were still keeping blood glucose levels above 200 mg/dL.
Administration of taurine
Taurine (Pharmanostra ® ) was administered at a dose of 100 mg/kg i.p., dissolved in saline, with the first dose given 1 day after diabetes confirmation and applied daily for 30 days. Taurine was administered in half of the diabetic animals and half of the nondiabetic animals from each group (C and E). The animals untreated with taurine received only saline (1 mL/kg).
Open field task (OF)
The open field task evaluates the animal's behaviour in a different environment. On the 25th day of the experiment, 1 h after administration of taurine or saline, the animals were individually placed in an empty arena (Insight ® , 60 × 60 × 60 cm), surrounded by walls and the floor were divided into 12 quadrants; their behaviours were recorded for 5 min. Then, the videos were watched by two observers, and the following behaviours were analysed and measured: (1) input frequency in the periphery area (CROSSINGp); (2) time in the centre area (TIMEc); (3) time sniffing (SNIFFING) and (4) number of "rearing" (REARING). These analysed parameters were able to evaluate the locomotor and exploratory activity.
Object recognition task
The animals were placed individually in the same arena used for the open field task (60 × 60 × 60 cm) for 5 min for 2 consecutive days. On the third day (27th day of treatment) the animals underwent a training session for 5 min, with two identical objects (A1 and A2) being presented to them. After training, the animals returned to the cages for 1 min. Meanwhile, one object (A2) was replaced by another unfamiliar object (B). The animals returned to the arena and the exploratory behaviours were recorded for 3 min, for frequency analysis and time of sniffing and exploration of objects, considering a minimum distance of 2 cm from them. Behaviours such as climbing up on objects were not considered exploratory.
The object recognition index (RI) is calculated using the formula: (B)/(B + A1) × 100, which express the percentage of preference for the new object, where B is the new object and A1 is the familiar object [13] .
Histological procedures
The animals were euthanized, transcardially perfused after the 30th day of the experiment. They were anaesthetised with ketamine (80-100 mg/kg i.p.) and xylazine (5-10 mg/kg i.p.), heparinized with 0.1 mL heparin and perfused with 0.9% saline for 10 min, followed by 4% paraformaldehyde diluted in phosphate buffer (PBS) 0.1 M (pH 7.2-7.4) for 30 min. Then the brains were removed, which were maintained for 24 h in 4% buffered paraformaldehyde, and then in 70% ethanol for at least 24 h. The samples embedded in paraffin. Coronal sections were made 4 m in the dentate gyrus of the hippocampus, as stereotactic atlas coordinates [25] (2.8-4.3 coordinates of bregma) with a rotatory microtome. Nine coronal sections per animal were selected for analysis, with a distance of 80 m between each cut. The experimental design is shown in Fig. 2. 
Immunohistochemistry
After deparaffinization, the slices to GFAP were allowed to stand in PBS (pH 7.4) with 0.5% Triton X-100 (PBS-tx) for 15 min, while the slices to cleaved caspase-3 were allowed to stand in citrate buffer (pH 6.00) at 98 • C for 20 min for antigen retrieval. After, the blocking of endogenous peroxidase was made with hydrogen peroxide (30 V) 5% in methanol for 10 min (3 times). Nonspecific proteins were blocked with bovine serum albumin 1% (BSA) (Sigma ® ) in PBStx for at least 1 h at room temperature (RT). Then, the sections were incubated with primary monoclonal antibody (GFAP:Dako ® 1:500; Cleaved caspase-3: Cell Signalling Technology ® 1:500) overnight at 4 • C. After, the sections to GFAP were incubated with the secondary and tertiary antibody (HRP ® Advance kit, Dako ® ) for 40 min each at RT, while the section to cleaved caspase-3 were incubated with the secondary antibody (SignalStain ® Apoptosis Kit, Cell Signaling Technology ® ) also for 40 min. Finally, immunohistochemical reaction was revealed with a 0.06% 3.3 -diaminobenzidine (DAB) (Dako ® ) in PBS-tx for at least 3 min, counterstained with haematoxylin (only cleaved caspase-3) and mounted on slides using Entellan ® (Merck ® ). For GFAP, the samples were photographed and analysed by optical densitometry using the software Image Pro Plus ® 6.3 (Media Cybernetics ® ). For cleaved caspase-3, the samples were analysed by two researchers, in Olympus BX-40 microscope (Olympus ® ). Immunoreactive cells for cleaved caspase-3 were quantified in the granular layer of the dentate gyrus of the hippocampus.
Statistical analysis
The results were expressed as mean ± standard deviation. Statistical analysis was performed by a three-way analysis of variance (ANOVA) on SPSS software (IBM ® ) with 3 between-subjects variables with 2 levels: diabetes (Db) with two levels (D or ND), housing (H) (C or EE), and treatment (Tr) (S or T), followed by Bonferroni's post-hoc test. Difference was considered significant if p < 0.05.
Results
The interactions between three factors resulting from ANOVA are shown in the text. The values of isolated factors and interactions between two factors are shown in Table 1 .
Open field task
The results that CROSSINGp (Db × H × Tr: F (7,72) = 45.98; p < 0.001) showed between animals of group C, DTC did not differ in relation to its control DSC but NDTC differ significantly from NDSC with p < 0.001. In the group E, DTE showed lower average in relation to DSE with p = 0.004 and NDTE showed higher average in relation to NDSE and the others subgroups with p < 0.001. Animals of group C showed lower number of CROSSINGp in relation to animals of group E (p < 0.005).
The results that REARING (Db × H × Tr: F (7,72) = 37.90; p < 0.001) showed that DTC did not differ in relation to DSC, already, NDTC showed lower number of REARING in relation to NDSC, with p < 0.001. In the group E, DTE did not differ from DSC, but NDTE showed higher average in relation to NDSE and the others subgroups with p = 0.02.
As for SNIFFING (Db × H × Tr: F (7,72) = 43.13; p < 0.001), DTC showed higher average in relation to DSC with p = 0.02, and NDTC differ from NDSC with p < 0.001. In the group E, diabetic animals (DTE and DSE) did not differ among themselves, but NDTE differ from animals NDSE and also differ from NDTC, with p < 0.001.
Finally, the TIMEc (Db × H × Tr F (7,72) = 0.160; p = 0.691) did not showing significantly values in interaction between three factors, however the interactions between two factors (H × Db and H × Tr) are significantly. In the group C, DTC and NDTC showed higher averages compared to their controls DSC and NDSC respectively, with p < 0.001. In the group E, DTE and NDTE did not differ in relation to their controls DSE and NDSE respectively. Still, animals of group C showed higher averages when compared with animals of group E (p < 0.001), except for NDSC and NDSE, which did not differ. All results can be seen in Fig. 3. 
Object recognition task
In this task, the RI values (Db × H × Tr: F (7,68) = 6.04; p = 0.01) did not differ among animals of group C. In the group E, DTE compared to DSE showed significant difference (p < 0.001), but NDTE did not differ from NDSE (80.4 ± 3.80). Animals of group E had better RI in comparison to group C (DTE/DTC; NDTE/NDTC; NDSE/NDSC), with p < 0.005 (Fig. 4) .
Densitometry optical GFAP
In this analysis (Db × H × Tr: F (7,67) = 22.80; p < 0.001) In the group C, DTC had higher optical density (OD) of GFAP in comparison to DSC, with p < 0.001. Animals NDTC in relation to NDSC, showed no difference. In group E, diabetic animals (DTE and DSE) did not differ among themselves, however, NDTE had higher OD in relation to NDSE and all subgroups (p < 0.001) (Fig. 5) .
Cleaved caspase-3
Comparing the mean quantifying immunoreactive cells to cleaved caspase-3 (Db × H × Tr: F (7,65) = 5.22; p = 0.02), DTC had lower average in relation to DSC, with p < 0.001, but between NDTC and NDSC did not showed difference. In the group E, DTE and NDTE in comparison to their controls DSE and NDSE respectively, showed difference with p < 0.001. Curiously, animals of group E in comparison to subgroups of group C (DTE/DTC; DSE/DSC; NDSE/NDSC), showed a higher number of apoptotic cells and although not a very big difference, it was significant (p < 0.05) (Fig. 6 ).
Discussion
Some results found in this study are new and showed positive effects of environmental enrichment and treatment with taurine. In the literature, there are few studies with diabetic animal models investigating the influence of taurine or EE on memory, behaviour or expression of immunohistochemical markers such as GFAP and caspase. However, when we searched for studies linking all these elements, data were not found. Some studies have discussed how DM can adversely influence animal behaviour, reducing locomotor and exploratory activity, and increasing anxiety [3, 26] . In the OF task, the taurine in diabetic group C was not able to improve locomotor activity (CROSSINGp and REARING), but seems to have helped in improving the exploratory ability (SNIFFING) and also increasing TIMEc compared to the untreated diabetic controls. In theory, by instinct, animals tend to avoid the centre of an unknown location, performing thigmotactic behaviour. When the animal spends more time in the centre of arena, this animal apparently is less anxious [27] . In non-diabetic animals of group C, the taurine acts decreasing the locomotor and exploratory activity and increasing the TIMEc, showing an effect similar to anxiolytic, which was previously described by Caletti et al. [26] . In diabetics of group E, taurine acts decreasing the locomotor and exploratory activity showing effect anxiolytic. In non-diabetic animals of group E, the taurine act increasing the locomotor and exploratory activity in relation to NDSE and all subgroups, apparently showing a possible stimulating effect. The EE alone can improve locomotor and exploratory activity in comparison to standard housing animals (NDSE/NDSC) and potentiated to stimulant effect of taurine in NDTE suggest a synergistic effect. The EE did not able to improve the TIMEc in relation to animals of group C, possibly because these animals were habituated to a wide and rich environment. Therefore, in front of an empty and new environment, they easily become more anxious, probably due to modulation in interoception and exteroception. The beneficial effects of EE have already been observed in other studies [13, 28] , by stimulating curiosity and making them more willing and smart animals. This suggests that the physical and interactive activities are able to improve physical and locomotor states as well as states that can cause depression.
Another important complication of DM is memory deficits [10, 29] that can be improved when treated with taurine [30, 31] and positively affected by EE [13] . In the object recognition task, the taurine, in the group E, appeared to influence memory, possibly associated with EE since we observed a significant improvement in the performance of the animals, both diabetic and non-diabetic when compared to their controls and in relation to the equivalent subgroups of group C (DTC and NDTC). However, in animals of group C the taurine did not show any influence and this animals did not show the deficit reported in the most of literature, possibly for the short duration of the experiment (30 days) also observed in other study [32] . When observing the performances of NDSE we show that they were better than those in NDSC, suggesting that the EE alone might have a positive influence on memory. Studies have shown that EE is able to improve memory [33] and the same effect was seen in animals with brain damage [28] , diabetic [13] and senescent animals [34] confirming our results.
In immunohistochemistry for GFAP we did not observe astrocyte reactivity (AR) in diabetic animals. This reactivity, indicating a cell response to stress [2] , has already been observed in the study by Saravia et al. [35] . This characterizes a physiological response to injury that can evolve to a pathophysiological condition, with hypertrophy-hyperplasia of astrocytes and increased expression of GFAP [36] . However, other study found that the AR has a sudden increase after the onset of hyperglycaemia, but after 4 weeks the reactivity begins to decline with decreased GFAP expression [37] initiates a neurodegeneration process. Taking into account that the treatment of this experiment lasted 4 weeks, our animals would already be in this phase of decline, and thus their values were close to the controls. Moreover, taurine in DTC seemed to contain the decline observed in the DSC, keeping the GFAP levels above untreated animals, demonstrating a possible neuroprotective effect already observed by Zeng et al. [16] . In the group E, taurine did not have the same effect on the diabetic animals. However, untreated diabetic animals (DSE) did not have the same decrease in OD of GFAP seen in DSC, maintaining similar levels to the NDSE control, showing that EE may be able to interfere with neural damage processes, as described in another study [9] .
Taurine appeared to influence NDTE animals, increasing the immunoreactivity of GFAP above all subgroups, which possibly in conjunction with EE presented higher OD of GFAP, giving the impression of a synergistic effect. We could see that this effect was not harmful to the animals in this group, since we observed that they performed better on memory tasks, had higher exploratory and locomotor activity and smaller cells in apoptosis values, compared to the others. This event has been described in other studies [34, 38] observing that healthy animals subjected to EE had increased immunoreactivity for GFAP in the hippocampal DG region, suggesting a response to the new cell formation and modulation of synapses due to various sensory stimuli and social interaction that EE offers, supporting our findings, which can be further enhanced by the stimulating effect of taurine.
Also, the taurine showed no effect on the physiological apoptosis mechanism in non-diabetic animals of group C, already observed in other study [19] . However, taurine appeared to be able to prevent the increasing number of apoptotic cells in diabetic animal in both groups (C and E), demonstrating a potential neuroprotective effect, possibly playing an antioxidant role by reducing the damage caused by hyperglycaemia, as explained by other authors [19, 22, 23] . The same effect was observed in NDTE. Surprisingly, when we compared the subgroup averages in group E with the equivalent of C group, especially among controls (NDSC and NDSE), a small increase in the apoptosis were observed in group E compared to group C, contradicting some studies that did not show this pattern in healthy animals [39] . This small increase was not harmful to the behavioural and memory tasks because EE animals had excellent performances on such tasks as compared with the standard housing animals. This increase of apoptosis may be due to various sensory, emotional and physical stimuli that occur at EE that increases the consumption of ATP and oxygen, which cause a physiological increase in the production of reactive oxygen species (ROS). Previous studies have described that the increase in ROS production triggers oxidative stress [4, 5] and stimulates the release of pro-apoptotic factors. Also, studies have shown that EE is able to increase neurogenesis processes [11, 12, 14] . Therefore, an increase in neurogenesis can compensate this increase in apoptosis and this would be important data to analyse in future studies.
Conclusion
We conclude that the taurine is able to improve the performance of animals in memory tests, increase the exploration activity and interfere with apoptosis and neurodegeneration process. The EE also modulate behaviour and animal physiology, increasing the curiosity and exploration. Thus, improved mechanisms of acquisition and memory consolidation, both in diabetic and non-diabetic animals. In some instances, the taurine and EE showed a beneficial synergistic effect on behaviour, memory, protection against cell death and stimulating glial adaptive responses to treatment and environment rich in information. So, the positive results presented confirm that these factors can be very beneficial to the quality of life of individuals with DM.
